The demand for miniaturized components is increasing day by day as their application varies from industry to industry such as biomedical, micro-electro-mechanical system and aerospace. In the present research work, high-quality micro-channels are fabricated on 304 stainless steel by laser beam micromachining process with nanosecond Nd:YAG laser. The laser pulse energy (LPE), scanning speed (SS) and scanning pass number (SP No.) are used as the process parameters, whereas the depth and width of the kerf as well as the surface roughness are used to characterize the micro-channels. It is found that the kerf depth, width and surface roughness decrease with increase in the SS. The kerf depth sharply increases with increase in the SP No. The kerf width is minimum at 30 mJ LPE, 400 µm s -1 SS and 10 SP No. The minimum surface roughness is observed at 30 mJ LPE, 500 µm s -1 SS and 10 SP No. The oxygen content is found to gradually decrease with the distance from the centre of the micro-channel. Based on the experimental results, optimized input parameters can be offered to control the micro-channel dimensions and improve their surface finish effectively on stainless steel.
Introduction
The demand of microscale parts such as micro-holes, microchannels, micro-mixtures, micro-reactors and micro-fluidic devices of size less than 500 μm is continuously increasing because of the trend of miniaturization in diverse industries such as micro-electro-mechanical system (MEMS), chemical, biomedical, aerospace, foundry and automobile. Also, these micro-channels can be used as the permanent marker for product identification in various industries. This provides a challenge to the production industries for fabrication of such micro parts, and in order to achieve this, various machining techniques such as micro-electric discharge machining, micro milling, electrochemical milling with ultra-short voltage pulses and laser beam micromachining (LBµM) are developed. Traditional mechanical machining methods are not suitable because of generation of chips, cracks and mechanical stress in the material, which are considered as serious damages.
Due to the advantages such as high process reliability, high machining speed, low running costs, no tool wear, high precision and ability to machine complex shapes, LBµM is widely used compared to other non-traditional machining processes.
Different lasers have been used for various processes such as cutting, drilling, welding, marking, sintering, forming, selective ablation, surface texturing and micromachining of different materials such as metals, ceramics and polymers.
Different input parameters such as laser power, power density, scanning speed (SS), pulse duration, pulse repetition rate, incident angle of laser beam and working atmosphere affect the machining quality because the interaction between the laser beam and workpiece depends on heating, melting, evaporation, material removal, energy absorption, reflection or transmission into the material. [6] [7] [8] There are a number of thermal defects that occur during LBµM such as crack formation, heat-affected zone (HAZ), recast layer, debris and tapering of drilling.
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At the present time, pulsed lasers having pulse duration from nanosecond to femtosecond are used especially for high precision engineering. Meijer 11 summarized the various applications of short-as well as ultra-short-pulsed laser (such as drilling, ablation, scribing and micromachining), highlighting the influence of laser beam, material and operation parameters on the quality of the worked material. Because of very small interaction time between the material and laser beam, femtosecond lasers have generated low HAZ and little contamination. 12 However, the main obstacle in applying the femtosecond laser is the lower machining rates and high cost of machining system compared to nanosecond laser. Hence, nanosecond laser is extensively utilized for micromachining.
Many studies have been carried out with metal sheet by using various types of laser to investigate the effect of different input parameters on the machining rate, kerf or channel dimensions and the quality of surface. Tunna et al. 13 investigated the nanosecond-pulsed Nd:YAG (Neodymiumdoped Yttrium Aluminium Garnet) LBµM of copper (Cu) foil using 355, 532 and 1064 nm wavelengths with laser intensity in the range 0.5-57.9 GW m -2
. It is found that 532 nm wavelength provides maximum etch per pulse in Cu; however, 1064 nm wavelength gives minimum etch rate during laser micromachining due to high reflection of Cu. At higher laser intensity, higher vaporization with less recast formation is observed for all the wavelengths. Jackson and O'Neill 14 also studied the effect of wavelength and laser intensity on processing rate and morphology of hole as well as the recast layer during laser micromachining of M2 tool steel using nanosecond-pulsed Nd:YAG LBµM. With 355 nm wavelength, the etch rate obtained is 5 μm per pulse, however the etch rate decreases to 1 μm per pulse for 1064 nm wavelength. This is due to increase in the reflection of tool steel at higher wavelength and absorption of laser radiation by the plasma generated by laser material interaction at higher intensity. Tunna et al. 15 again carried out laser micromachining of aluminum (Al) to investigate the effect of different wavelengths and processing fluence on spot diameter as well as average depth per pulse. For Al also, the average depth per pulse is increased with increase in fluence; however, it decreases with increase in the wavelength. Chen and O'Neill 16 improved the quality of the cutting edge by applying a power rippling method during CO 2 laser cutting.
They studied the effect of power rippling frequencies, modulation depth and power rippling shape on the surface roughness. Zhang et al. 17 developed a numerical model to simulate microscale cavity formation during nanosecondpulsed Nd:YAG laser micromachining of Cu with 50 ns pulse duration and compared it with the experimental results. They used the enthalpy method to track the liquid/solid interface and predict the hole depth and drilling diameter for a wide range of laser intensities.
In order to improve the effectiveness of the process, Zhao et al.
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used picosecond Neodymium-Vanadate (Nd:VAN) laser during micromachining of stainless steel in the presence of air. Due to lower ablation threshold and optical absorption coefficient for 532 nm wavelength, it has significant benefits for high aspect ratio hole processing than 1064 nm wavelength laser. Kurselis et al. 19 performed pulsed laser micromachining of grooves in stainless steel over a wide range of process parameters, such as peak fluence (0.15-133 J cm -2 ), pulse repetition rate (10-223 kHz), cumulative exposure dose and liquid-assisted method for improving both machining efficiency and resultant structure quality. Lee et al. 20 fabricated a high aspect ratio micro-pin array by laser ablation process on stainless steel for robotics and bio-MEMS applications. Zhao et al. 21 used picosecond dual-wavelength laser to investigate the morphology of holes and grooves by ablating the stainless steel. It is observed that visible beam has produced V-shaped holes, while near-infrared beam has generated U-shaped hole with large openings. Cheng et al. 22 studied the effect number of overscan, pulse repetition rate and overlap on the quality as well as the efficiency during ultrafast laser micromachining of Al, Cu and Ti alloy. As combined effects of residual thermal energy, phase change and plasma absorption occur during laser ablation, the ablation rate varies significantly with the pulse repetition rate; however the residual surface roughness does not vary substantially. Although the depth of ablation increases with the number of overscan, the aspect ratio decreases with it, because of short electron-phonon coupling time of femtosecond laser processing and low thermal conductivity metals.
Bizi-bandoki et al. 23 observed micro-and nano-scale ripples, splash-like structures and pores with different fluence during laser irradiation on a moulding stainless steel. Su et al. 24 investigated laser texturing on the polycrystalline diamond to develop micro-holes and micro-grooves with different geometries. It is observed that with lower power output, higher pulse repetition rate and SS, the dimensions of microtexture (depth and diameter) are reduced. Pragada et al. 25 used nanosecond laser for micromachining of metals, ceramics, silicon and polymers. It is observed that 10-100 times of laser intensities are required for processing of silicon, ceramics and metals as compared to polymers.
The effect of environment (in both vacuum and oxygen) on micro-and nano-structures during laser irradiation of stainless steel was reported by Kalsoom et al. 26 Redeposition, enhancement of surface oxygen content and phase change are observed during laser irradiation of stainless steel in the oxygen environment. Erasenthiran et al. 27 carried out experiments to find out the effect of oxygen, air and nitrogen as well as their pressures during normal and slant cutting of 1 mm mild steel using both continuous wave (CW) and pulsed CO 2 laser. It is observed that with air and nitrogen, the quality of slant cutting is improved, however edge burning with higher kerf width was found with the use of oxygen in slant cutting. Perrie et al. 28 used a flowing stream of helium to study the ablation rate, material re-deposition and surface roughness during femtosecond laser micro-structuring of Al. Superior micro-structuring with minimum melt and 1.1 μm roughness is observed in low fluence and power density, however poor surface microstructure is found with high fluence and power density due to the formation of redeposited material and debris. Due to the presence of helium, the breakdown of gas above the substrate is restricted, which results in minimization of surface oxidation, and debris re-deposition leads to improved surface microstructure. O'Neill et al. 29 developed a new laser machining process using a vertical high-speed gas vortex to obtain improved surface quality by removing laser-generated molten material during machining of 43A carbon steel. It is seen that the slot depth depends upon the gas jet parameters (types of gas, gas pressure and nozzle stand-off distance) as well as laser parameters (laser power, focal position and feed rate).
In order to enhance the quality of the micro-channel, an understanding of the process involved in LBµM is necessary. Keeping this in view, the fundamental objective of the current study is to fabricate the micro-channels by using nanosecond-pulsed Nd:YAG LBµM on 304 stainless steel and to understand the effect of various process parameters (laser pulse energy [LPE] , SS and scanning pass number [SP No.]) on the depth and width of the kerf as well as the surface roughness and surface morphology of the micro-channel. Optical microscopy (OM), 3-D surface profilometer and scanning electron microscopy (SEM) are used to measure the dimension and analyse the surface morphology of the micro-channel. In order to analyse the various elemental compositions at different regions in the substrate during LBµM, energy dispersive X-ray spectroscopy (EDS) is used.
Materials and methods

Materials
In the present investigation, stainless steel (SS304) sheet of dimension 50 × 20 mm and thickness of 2 mm is used as the substrate material. The elemental composition of the substrate material is provided in Table 1 . 
Experimental set-up
The 304 stainless steel target is micromachined by focusing the nanosecond-pulsed laser beam on it. The schematic diagram and photograph of pulsed laser beam set-up are presented in Figures 1 and 2 , respectively. The nanosecond laser used in this work is a 2nd harmonic Q-switched Nd:YAG laser (Model: Litron LPY 7864-10G) with pulse duration of 10 ns and 532 nm wavelength. The pulse repetition rate of the laser is 10 Hz. The far field profile of the laser beam is approximately Gaussian. The output from the laser is delivered to the substrate using a beam steering system and is focused on the workpiece surface through the focusing lens of a focal length of 250 mm. An energy meter is used to measure the LPE before the laser beam enters into the focusing lens. Spot diameter at the focal plane is found to be approximately 100 µm.
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Experimental methods
The laser micromachining is performed on SS304 using nanosecond-pulsed Nd:YAG LBµM. Before experiment, the sample surface is polished by P2000 abrasive grinding paper and rinsed with acetone to remove any dust and oil from the substrate surface. The material sheet is attached to the fixture which is made up of acrylic polymer. To enable laser scanning, the fixture is kept upon a motorized XY translation stage. During experiments, the laser beam is focused on the surface of the substrate and the workpiece is moved in a reciprocating motion to fabricate the micro-channel on the steel sheet. Initially, many trial experiments were conducted to decide the appropriate range of processing parameters to be used for the study. The LPE, SS and SP No. altered in the study are listed in Table 2 . It is observed that due to less overlapping of laser spots at higher SS; continuous microchannel is not formed. Hence, the SS is fixed in the range of 100-600 µm s -1 . It is noticed that when the SP No. is less than 10, the micro-channel is not generated. So a range of 10-60 is set. With the set SP No. and SS, the LPE is varied in the range of 30-80 mJ to acquire the required size of the microchannels. In order to investigate the influence of a particular input parameter on output parameters, the same parameter is only changed by setting the other two parameters at the central value. The whole experiment is conducted at room temperature in air. The depth and width of the kerf, as well as the surface roughness, are considered as the output responses. The depth, width and roughness of the micro-channels are quantified by using a 3-D surface profilometer (Model: Taylor Hobson). Each output is measured at three various positions of the micro-channel to minimize the errors during measurement, and their average is considered as the final output. The micro-channels are subsequently characterized by using SEM and OM. OM (Model: Carl Zeiss) is used to study morphology after laser micromachining, whereas SEM (Model: Zeiss Sigma) is employed to examine the microstructure of laser-machined region along with the recast layers and cracks. EDS is used to analyse the various elemental compositions at different regions in the microchannel.
Results and discussion
The surface topography of the micro-channel on SS304 using LBµM is presented in Figure 3 . A fine shape of the microchannel can be obtained by LBµM as seen in Figure 3(a) . Figure 3(b) shows different dimensions of the micro-channel such as the kerf depth (vertical distance between the top and bottom surface of the micro-channel) and the kerf width (maximum horizontal length of the micro-channel at the top surface). Figure 3(c) shows the surface roughness graph of the micro-channel measured along the longitudinal direction of the micro-channel.
Influence of the scanning speed on the micro-channel
The influence of the SS on the kerf depth, width and surface roughness is displayed in Figure 4 , where other input parameters are kept constant (SP No. = 30, LPE = 60 mJ). As seen in Figure 4 (a), the kerf width of the micro-channel is decreased when the value of the SS is raised from 100 µm s -1 to 400 µm s -1 and then slightly increases with increasing the SS up to 600 µm s -1
. The interaction time between the material and laser pulse decreases with increase in the SS. So, the absorption of energy in the material decreases which leads to less melting as well as vaporization. This reduction of melting and vaporization decreases the kerf width. Similar observations were obtained by Su et al. 24 during the texturing of polycrystalline diamond by a fiber laser. Minimum kerf width of 117 µm is found at the SS of 400 µm s -1 . The variation of the kerf depth with the beam SS is presented in Figure 4 (b). The kerf depth decreases from 115 µm to 37 µm as the SS increases from 100 µm s -1 to 600 µm s -1 . This is mainly because of the increase in the SS that the interaction time between the material and laser beam reduces. This reduction of interaction time leads to less material removal due to decrease in total laser beam energy on unit area of the material. O'Neill et al. 29 also found decrement in slot depth with increase in feed rate for all laser powers during CO 2 laser machining of 43A carbon steel using a vertical high-speed gas vortex. Figure 4 (c) shows the influence of the SS on the surface roughness, R a . It is noticed that the surface roughness decreases as the SS increases from 100 µm s -1 to 500 µm s -1 . Due to the reduction of interaction time between the material and laser beam, with increase in the SS, the laser energy per unit area reduces. This leads to less formation of the recast layer and debris due to less melting. Thus, high-quality surface is obtained at higher SS of 500 µm s -1
. After this SS, the surface roughness slightly increases; however, the change is not very significant.
The SEM images of the micro-channels and their corresponding zoomed-in images at SS of 100 µm s -1 and 600 µm s -1 are shown in Figure 5 . It is found that the kerf width is larger for the SS of 100 µm s -1 (Figure5(a) ) compared to that at SS of 600 µm s -1 ( Figure 5(b) ). At higher SS, smaller kerf width is obtained due to less material removal, as interaction time is less between the material and laser beam. Also, it can be noticed that the recast layer and surface roughness at the bottom of the micro-channel is more at 100 µm s -1 ( Figure  5(c) ) compared to 600 µm s -1 ( Figure 5(d) ). Because of more interaction between the material and laser beam, laser energy per unit area increases, which leads to more melting that causes more recast layer formation at lower SS. Furthermore, more pores are observed at 100 µm s -1 ( Figure 5 (e)) compared to 600 µm s -1 ( Figure 5(f) ). Hence, it indicates that more evaporation occurs at lower SS. The OM and 3-D profilometry images of the microchannels at SS of 100 µm s -1 and 400 µm s -1 are shown in Figures 6 and 7 , respectively. The kerf width is smaller for SS of 400 µm s -1 ( Figure 6 (b)) than that for 100 µm s -1
( Figure 6(a) ). Larger the kerf depth is obtained at 100 µm s ( Figure 7(a) ) than that at 400 µm s -1 (Figure 7(b) ). Bulges are more pronounced at the periphery of the micro-channel at 400 µm s -1 as shown in Figure 7 (b). This may be due to the incomplete evaporation of the re-deposited molten material at the periphery of the micro-channel at lower SS. Figure 8 shows the micro-channel characteristics (kerf depth, kerf width and surface roughness) as a function of the SP No. at LPE of 60 mJ and SS of 300 µm s -1 . It is clearly noticed from Figure 8 (a) that the kerf width sharply rises with an increase in the SP No. up to 30. However, increase of the kerf width is almost negligible with the further increase in the SP No. to 80. The ablated area on the material mainly depends on the LPE and as the pulse energy is unchanged, the effective area rapidly reaches its peak and almost makes no remarkable change regardless of the number of pass.
Influence of scanning pass number on micro-channels
The variation of the kerf depth with the SP No. is represented in Figure 8(b) . It can be seen that the depth of the micro-channel is directly proportional to the SP No. As the SP No. increases, the kerf depth increases due to repeated melting and vaporization of the material for each scan. The ablation rate which is average kerf depth per pass is determined from the slope of this graph. The ablation rate which varies between 1.3 μm/pass and 2.4 µm/pass decreases with the SP No. The similar trend was reported by Akhtar et al. 2 Cheng et al. 22 also observed increase in the ablation depth with rise in the number of overscan from 25 to 200 for both the laser fluence of 3.60 and 5.26 J cm -2 during ultrafast laser micromachining of Al, Cu and Ti alloy. up to 40 because each pass creates more irregularities in the molten pool generated. Before cooling of the surface of the material, the molten pool cools rapidly and produces turbulent surface texture after solidification. So, the surface roughness increases.
2 However, the roughness is reduced when the SP No. increases from 40 to 60 due to repeated ablation.
Figures 9 and 10 present the OM and 3-D surface profilometry photographs of the micro-channels at (a) SP No. = 10 and (b) SP No. = 60. It is observed that at higher SP No., the kerf width is larger as shown in Figure 9 . Due to high thermal conductivity of the material, less thermal distortion at lower scanning passes and high thermal distortion at higher scanning passes take place, which result in larger kerf width at higher SP No. Larger kerf depth is observed for higher SP No. as shown in Figure 10 . With the increase in the SP No., more heat penetrates into the material causing more melting and vaporization, which leads to larger kerf depth.
Influence of laser pulse energy on microchannels
The influence of the LPE on the kerf depth, width and surface roughness is displayed in Figure 11 (SS = 300 µm s -1 and SP No. = 30). During the micromachining process, the average power imparted to the workpiece is regulated by the LPE. A little change in the average power causes a large variation of the kerf width. According to Figure 11(a) , the kerf width increases as the LPE rises from 30 mJ to 50 mJ. This can be understood as follows. As the LPE per unit focal area increases, the energy density increases. Thus, the heat energy transferred to the material increases. Also, the steam pressure of the material is increased. Hence, more material in molten liquid phase is carried out by high pressure of steam and results in a larger kerf width. 24 However, the reduction of the kerf width occurs when the LPE rises from 50 mJ to 80 mJ. Tunna et al. 15 found decrease of diameter of percussion drilled hole with increase in fluence during nanosecond laser micromachining of Al. They reported that the variation of hole diameter at higher laser intensity or fluence depends upon a number of factors, such as (a) high vapour pressure formed on the material surface, (b) high energy shock emitted from the surface of material and (c) hot plasma generated above the material surface. The hot plasma absorbs some of the laser energy coming towards the material surface, for which the intensity of the laser beam is somewhat reduced. In addition, because of the generation of more recast layer at higher LPE, the periphery of machining region is covered with the recast layer, which leads to a reduction of the kerf width. Figure 11 (b) shows the kerf depth as a function of the LPE. It is noticed that the kerf depth rises first when the LPE increases from 30 mJ to 40 mJ. The energy density becomes high due to rise in the LPE. So, more heat energy penetration to the material occurs, which increases melting and evaporation, which leads to increase in the kerf depth. However, the kerf depth gradually decreases with increase in the LPE from 40 mJ to 80 mJ. This may be due to the formation of more debris and recast layer, which cannot be removed out from the bottom part of the machining zone. This recast layer and debris fill the micro-channel, resulting in reduction of the kerf depth. Furthermore, the recast layer and debris with the plasma formed above the material surface absorb most of the energy transferred to the material. So, the energy reaching the bottom part of the micro-channel is reduced leading to decrease in the kerf depth. 80   65  60  55  50  45  40  35  30  25  20  15  10  5  0  200  100  0  300  400  500  600  700  800  200  100  0  300  400  500  600  700 The influence of the LPE on the surface roughness is represented in Figure 11(c) . With the rise in the LPE, the surface quality deteriorates. Due to the rise in the LPE, melting and vaporization increases. This causes more irregularities in the molten pool thus generated. The molten pool cools very quickly before the material surface cools, and the turbulence surface texture is kept. So, the roughness increases with increase in the LPE. But, the surface roughness decreases when the LPE varies from 70 mJ to 80 mJ. Better quality surface, R a , of 0.635 µm is obtained at the lower value of the LPE, 30 mJ. Perrie et al. 28 and Cheng et al. 22 found an increase in the surface roughness (R a ) with the increase in fluence from 1 J cm -2 to 7 J cm -2 during ultrafast laser micromachining of Al as well as Cu and Ti alloy, respectively. The SEM images of the micro-channels and their corresponding zoomed-in images at LPE of 30 mJ and 80 mJ are shown in Figure 12 . The other parameters are kept constant at SP No. = 30 and SS = 300 µm s -1 . It is found that the kerf width is less at the LPE of 30 mJ (Figure 12(a) ) compared to 80 mJ (Figure 12(b) ). The heat transfer to the material is more at higher LPE, so larger kerf width is obtained. Due to more melting at higher LPE, more recast layer is found at the bottom of the micro-channel for 80 mJ (Figure 12(d) ) compared to 30 mJ (Figure 12(c) ). Furthermore, the number of pores are seen on the surface of the micro-channel for the LPE of 80 mJ (Figure 12(f) ) compared to 30 mJ ( Figure  12(e) ), which indicates more evaporation at higher LPE. Good-quality surface is accomplished at 30 mJ of LPE than that at 80 mJ of LPE. More surface roughness occurs due to more turbulence in the melt pool at 80 mJ LPE (Figure 12(d) ). Figure 13 shows the OM images of the micro-channels at (a) LPE = 30 mJ and (b) LPE = 50 mJ, respectively. Smaller kerf width is observed for lower LPE because of less heat transfer to the material. Figure 14 represents the 3-D surface profilometry images of the micro-channels at LPE of (a) 30 mJ and (b) 50 mJ, respectively. The kerf depth is somewhat less in case of higher LPE. Furthermore, the bulges formation is more at higher LPE due to more heat transfer that causes more melting and vaporization of the material. 
Debris and recast formation
A sample analysed under SEM is shown in Figure 15 . The parameters used for machining of this micro-channel are SS = 300 µm s
, SP No. = 30 and LPE = 80 mJ. Figure 15 (a) shows the overview of the micro-channel. The enlarged view of the periphery of the micro-channel is presented in Figure 15 (b), which shows a number of micro-cracks present at the periphery of the micro-channel. This is because of high thermal gradients occurring between the machined and un-machined zone. Figures 15(c) and 15(d) represent the zoomed-in view of the bottom part of the micro-channel, where a number of pores, molten globules and recast layer are seen. When the surface of substrate is subjected to the laser beam and focused by it, the material is subjected to heating, melting and/or vaporization which leads to the removal of the material. Some portion of the molten material cannot be ejected out from the machining zone and is resolidified which results in the recast layer. The appearance of the pores is relevant to intense vaporization and bubble generation in the superheated molten layer. Because of the turbulence in vaporization, bubbles explode inside the molten layer and the rapid cooling leads to the formation of pores.
23 Figure 15 (e) shows an enlarged view of the formation of the molten globule with an approximate size of 1 µm at the centre part of the microchannel. During melting and vaporization, some particles are already melted but do not have that much of energy to evaporate. So, they cannot leave the surface and form molten globules. The SEM image of a cross-section of the micro-channel is presented in Figure 16 . It can be found that the kerf width gradually decreases from the upper to lower surface of the material. As the laser beam is passed to the material along the depth, more energy is absorbed from the incident side of the workpiece at the surface which gradually decreases along the depth. So, less energy is absorbed by the material along the depth, and hence gradual tapering is observed.
The elemental analysis of different regions of the microchannel machined at SP No. = 30, LPE = 80 mJ and SS = 300 µm s -1 is shown in Figure 17 . During the micromachining process, when the laser beam strikes the material, oxidation of the material takes place due to oxygen diffusion through the molten material. It can be found that the oxygen percentage continuously decreases from 24 wt% to 7 wt% with the rise in the distance from the centre of the micro-channel. It indicates that the oxidization of SS304 occurs significantly at the centre of the laser machining zone and gradually decreases from the middle of the micro-channel. As the laser beam is distributed in the 'Gaussian' form, the laser intensity is higher in the central region and decreases gradually towards the edge of the micro-channel. 
Conclusions
Laser micromachining experiments were conducted on SS304 substrate, using a nanosecond-pulsed laser, to find out the best input parameters in order to achieve the desired output. The micro-channel dimensions and surface quality mainly depend upon the input parameters in their particular ranges. Both the kerf dimensions and roughness decrease with the increase in the SS. The kerf depth sharply increases with the rise in the SP No., whereas the kerf width first increases gradually with the SP No. but remains unchanged after 30 scanning passes. The surface quality first deteriorates with the increase in the SP No. up to 40 but improves after that. With the rise in the LPE, the kerf width increases up to 50 mJ, then decreases. After 40 mJ, the kerf depth decreases with the rise in the LPE. The surface roughness increases when the LPE rises from 30 mJ to 70 mJ. The minimum kerf width is found at 30 mJ LPE, 400 µm s -1 SS and 10 SP No. Maximum kerf depth is obtained at 100 µm s -1 SS, 60 SP No. and 40 mJ LPE. The optimized surface quality is observed at 10 SP No., 30 mJ LPE and 500 µm s -1 SS. The SEM images reveal the formation of the debris, pores and recast layer on the surface of the micro-channel machined by LBµM. The oxygen content decreases gradually with the increase in the distance from the centre of the micro-channel. (1) 
